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2013.11.0Abstract This research aims at integrating remote sensing data and ﬁeld studies to prospect for
radioactive materials at Gabal El Sela area, South Eastern Desert of Egypt. This area is a part
of the Arabo-Nubian shield, which is constituted by Late Precambrian basement rocks and devel-
oped during the Pan African tectono-thermal event. Geological interpretation of Landsat ETM+
image and ﬁeld studies revealed that the study area is mainly covered by ophiolitic ultramaﬁc rocks,
intermediate metavolocanics, granodiorites, biotite granites and garnetiferous muscovite granites.
These rocks are injected by pegmatitic and quartz veins and cut by acidic and basic dykes. The pro-
cessed Landsat ETM+ data enable also to identify uraniferous alteration zones hosted in the gra-
nitic rocks (using band ratio 5/7, 4/5, 3/1 in RGB, density slicing and supervised classiﬁcation
techniques). The measured reﬂectance values (DNs) of six spectral bands of Landsat ETM+ for
all exposed rock types in the study area show that the alteration zones have the highest reﬂectance
values. The study recorded the presence of uranium mineralizations in alteration zones associating
with the granitic rocks occurring along ENE–WSW trending shear zones. Three uranium-bearing
alteration zones hosted in granitic rocks were detected. These zones are characterized by ferrugina-
tion, siliciﬁcation, grizenization and kaolinitization. The most promising alteration zones (Site 1)
occurs at the northeastern part of Gabal El Sela and is characterized by very high radioactive anom-
alies (up to 5000 ppm eU). Microprobe analyses of samples collected from these alteration zones
reveal the presence of uraninite crystals. It seems that the high fractures density of the granitic rocks
acted as good channels for the ascending hydrothermal ﬂuids and the percolating meteoric water,yahoo.com (T.M. Ramadan).
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200 T.M. Ramadan et al.that leached the uranium minerals disseminated all over the rocks and redeposited them along the
fractures of the shear zones. This study demonstrates the utility of orbital remote sensing data for
ﬁnding unknown mineralized zones in the Eastern Desert of Egypt and similar arid regions.
 2013 Production and hosting by Elsevier B.V. on behalf of National Authority for Remote Sensing and
Space Sciences.1. Introduction
The Precambrian basement of the Arabian Nubian Shield, is
exposed in Egypt in the Eastern Desert, southern part of Sinai
Peninsula and the south western corner of the Western Desert.
The study area is situated in the Halaib district, South Eastern
Desert, along the Red Sea coast between Lat. 22 130–22 200 N
and Long. 36 080–36 170 E (Fig. 1a). This area is located
about 25 km west of Abu Ramad City on the coastal highway.
The investigated area is generally of moderate to low reliefs,
where its highest peaks are Gabal Qash Amir (about
724 m.a.s.l) and Gabal El Sela (557 m.a.s.l). Main Wadis dis-
secting the area are Wadi Eikwan, Wadi Eishimhai and Wadi
Yoider. They all drain eastward toward the Red Sea.
The general geology of the Halaib district was studied by
several authors (e.g., Hume, 1937; El Ramly, 1972; Hussein,
1977; Kabesh, 1994; Assaf et al., 1998; Ramadan, 2003). The
mineral deposits of the district were also investigated by
numerous authors (e.g., Bassiuny, 1957; El Shazly and Saleeb,
1959; Basta and Saleeb, 1971; Takla et al., 1976; Hussein,
1990; Dardir et al., 1992; El AIfy et al., 1994; El Gammal
and Cherif, 1999; Ramadan, 2003). Airborne geophysical data
have been often used for geological mapping and regional
exploration (Reeves, 1985; Ramadan and Sultan, 2004). The
radioactive mineralizations of the Egyptian Eastern Desert
have been studied by many authors (e.g. El Ghawaby, 1973;
El Shazly and El Ghawaby, 1974; El Kassas, 1974; Ammar
et al., 1991; Ammar, 1997; Ramadan and Sultan, 2004). Re-
mote sensing application to the geology of the Eastern Desertr composite Landsat ETM+ imof Egypt has been used in several ways by various authors e.g.,
El Shazly et al. (1975), Sultan et al. (1986), O’Connor et al.
(1987), El Baz (1990), Yousif and Ali (1998), Yousif and She-
did (1999), Sultan et al. (1986), Ramadan et al. (2001) and
Ramadan and El Leithy, 2005.
The main objectives of the present work are to map in detail
the basement rocks and to identify the uraniferous alteration
zones in Gabal El Sela area using Landsat Enhanced Thematic
Mapper (ETM+) data and ﬁeld spectrometric measurements
and studies.2. Materials and methodology
2.1. Remote sensing data
Landsat ETM+ data were processed at the Image Processing
Laboratory of the National Authority for Remote Sensing and
SpaceSciences (NARSS),using theERDASImagine 8.3 software
on a Sun Spark workstation. One scene (Path 172/ Row 045, ac-
quired in 2005) covering the investigated area, has been geometri-
cally corrected and radiometrically balanced. The remote sensing
data for the study area were processed for geological and struc-
tural mapping with the particular aim of discriminating uranifer-
ous granites and associated alteration zones. Several products
including false-color composite image (7, 4, 2 in Red (R), Green
(G), Blue (B), Fig. 1a) and band ratio image (5/7, 5/4, 3/1 in R,
G, B, Fig. 1b), as well as density slicing and supervised classiﬁca-
tion images (Fig. 1c and d) were obtained.age (Bands 7, 4, 2 in R, G, B) for the study area.
Figure 1b Landsat ETM+ ratio image (5/7, 4/5, 3/1 in RGB) for the study area.
Application of remote sensing in exploration for uranium 201The false-color composite image has been interpreted where
geological and structural maps have been produced. The band
ratio image was used for the lithological discrimination of
different rock types, as well as to distinguish and map the ura-
niferous alteration zones in the study area. Density slicing con-
verts the 256 shades of gray in an image into discrete intervals,Figure 1c Clay alteration index map draped over 5/7 Landsat ETM+
zones with clay minerals.each corresponding to a speciﬁc range of digital numbers
(DN). Different density slices are shown as separate colors that
can be draped over background images. We used this tech-
nique to create a clay alteration index map of Gabal El Sela
alteration zones using band-ratio 5/7 (Fig. 1c). Landsat
ETM+ band-ratio 5/7 maps clay alteration because the clayratio image for the study area. Red color reveals the enrichment
Figure 1d Supervised classiﬁcation image for the study area. Yellow color reveals the enrichment zones with clay minerals.
202 T.M. Ramadan et al.minerals, such as kaolinite, montmorillonite, illite, and alunite,
have reﬂectance maxima within band 5 and reﬂectance minima
within band 7 (Sabins, 1997). Analysis of Landsat TM images
with supervised classiﬁcation techniques helped in identifying
previously unknown alteration zones in the study area
(Fig. 1d). The measured reﬂectance values (DNs) of six spec-
tral bands of Landsat ETM+ for all exposed rock types in
the study area were used to distinguish between different rock
units in the study area (Fig. 2).Figure 2 The spectral signatures of the exposed rock units in the stud
Gt (Granodiorites), Gr (Granites) and Al (Alteration zones).2.2. Field study
A geological-structural map of the study area at scale 1:50,000
was constructed using the Landsat ETM+ image and ﬁeld
observations. More than 150 rock samples representing the dif-
ferent rock units in the study area were collected. In addition,
radiometric survey for the study area was carried out by using
a high sensitive and well calibrated 256 channel portable gam-
ma-ray spectrometer (GS-256). This spectrometer internallyy area. Ul (Ultramaﬁc rocks), Mv (Metavolcanics), Gb (Gabbros),
Application of remote sensing in exploration for uranium 203stores data of conversion/correction constants to allow the dis-
play of data in conventional counts/time period or directly in
ppm eU, ppm eTh and K%. The obtained data are used to dis-
cuss the distribution, mobilization and U-potentiality of the
studied granitic rocks. The data also enabled to deﬁne the char-
acteristic features of the high radioactive zones in the study area.
2.3. Laboratory work
Eighty thin sections representing the different rock units in the
study area were prepared and petrographically studied using
polarized microscope. Twenty polished sections were prepared
and studied using ore microscope and scanning electron micro-
scope (SEM, Model: Philips XL30). The analyses were carried
out at the Central Laboratories of the Egyptian Nuclear Mate-
rials Authority (ENMA). Fifteen samples were studied using
the microprobe analyses (Model Philips SX100). The mineral-
ogical studies were carried out at the Henri Poincare´ institute,
University of Nancy, France.
3. Results
3.1. Geologic setting
The study area is a part of the Arabian-Nubian Shield, which
is constituted by Late Precambrian basement rocks, developed
during the Pan African tectono-thermal event of 950–550 Ma.
(Kroner, 1984). Geological studies using Landsat ETM+
images and ﬁeld investigation revealed that the study area is
mainly covered by Sol Hamid ophiolitic ultramaﬁc rocks,
intermediate metavolcanics, intrusive gabbros, granodiorites,
biotite granites, monzogranites and garnetiferous muscovite
granites (Fig. 3). These rocks are injected by pegmatitic and
quartz veins and cut by acidic and basic dykes.
The granodiorites are less abundant and occur in the south
eastern part of the study area forming highly weathered iso-
lated hills. They are intruded into the metavolcanic rocks andFigure 3 Geological map for the studyare in their turn, intruded by biotite granites. They are charac-
terized by exfoliation texture and contain xenoliths of various
sizes and compositions. Petrographically, these rocks are
mainly composed of potash feldspars, quartz, plagioclase,
hornblende and biotite. Chlorite, sericite and epidote represent
the secondary minerals. Opaques, sphene and zircon are the
accessory constituents. The biotite granites are widely distrib-
uted in the eastern and central parts of the study area. These
granites are the main constituent of Gabal El Sela (Fig. 4a).
Here, they form isolated and irregular masses with high to
moderate reliefs, reaching up to 845 m above sea level
(Fig. 4a). They are intruded by monzogranites and cut by acidic
and basic dykes. Petrographically, these biotite granites are
mainly composed of potash feldspars, quartz, plagioclase and
biotite. Chlorite, sericite and epidote represent the secondary
minerals. Opaques and zircon are the accessory constituents.
The monzogranites are widely distributed in the northeastern
part of Gabal El Sela. Their exposures are elongated in an
ENE–WSW direction (Fig. 4a). The monzogranites are charac-
terized by medium to coarse-grain crystals, red color, highly
weathered surfaces and the presence of numerous joints and
fractures (Fig. 4b). They mostly include uraniferous alteration
zones and are injected by quartz, jasper and pegmatitic veins.
Petrographically, these granites are mainly composed of potash
feldspars, quartz, and biotite. The accessory minerals are zir-
con, rutile and opaques. Chlorite, sericite and epidote represent
the secondary minerals. The garnetiferous muscovite granites
are less abundant and occur only in the south western part of
the study area (Fig. 3). These granites occur in an isolated hill,
constituting Gabal Qash Amir (724 m.a.s.l.). They are charac-
terized by being medium to coarse grained, pale pink in color,
slightly weathered and affected by joints and fractures (Fig. 4c).
They are intruded into the biotite granites and injected by peg-
matites and manganese- and wolframite-bearing quartz veins.
One occurrence of wolframite bearing-quartz veins is recorded
in the southern part of Gabal Qash Amir (Takla et al., 1976).
Petrographically, this granite consists mainly of quartz, pla-
gioclase, alkali feldspars, muscovite and garnet. Sericite, kaolinarea (Modiﬁed after EGSMA, 1999).
Figure 4 (a) Photograph showing general view for Gabal El Sela granites, (b) Photograph showing shear zones in the granitic rocks,
northeast of Gabal El Sela, (c) Photograph showing general view for Gabal Qash Amir granites, (d) Photograph showing kaolinitized
alteration zone (Site 1), (e) Photograph showing siliciﬁed zones (S) associated with alteration zones (Site 1), (f) Photograph showing
hematized alteration zone (Site 1).
204 T.M. Ramadan et al.and epidote are the secondary products, while zircon, urani-
nite, monazite and apatite occur as accessory minerals.
Landsat ETM+ false color composite image (bands 7, 4, 2)
was used for regional structural analysis and provides an excel-
lent base map for the study area (Fig. 1a). Structurally, the
study area is characterized by ENE–WSW steeply dipping
shear zones (5–100 m in width and about 9 km in length) as
well as N–S and NNW–SSE faults related to the Hamizana
shear system (Fig. 2). As a result of deformation, these rocks
exhibit shearing, dissolution and grain reduction features.
The emplacement of the studied granitic rocks occurs at the
intersection of major reactivated Precambrian NE–SW and
NW–SE deep-seated tectonic zones. Moreover, several miner-
alized alteration zones (Sites 1, 2 and 3), occurring along the
ENE–WSW trend were recognized from the Landsat ETM+
images and ﬁeld veriﬁcation (Fig. 1b–d). These alteration
zones are characterized by kaolinitization, siliciﬁcation and
hematization (Fig. 4d–f).
The processed Landsat ETM+ discriminated between the
different rocks and succeeded to distinguish between uranifer-ous alteration zones (hosted in the granitic rocks) and non-
mineralized zones. The measured reﬂectance values (DNs) of
six spectral bands of Landsat ETM+ for all exposed rock
types in the study area show that the ultramﬁc rocks, metavol-
canic and gabbroic rocks have low reﬂectance values, while the
granitic rocks and associated alteration zones have high reﬂec-
tance values (Table 1). These values help in estimating the rel-
ative amount of the absorbing minerals, such as Fe and Mg
oxides, as well as the reﬂecting minerals such as quartz and
feldspars among these rocks. The DN values of band 5 (of
wavelength 1.55–1.75um) for the granitic rocks range from
154 to 172, with an average of 164, while the alteration zones
range from 216 to 232 with an average of 224. So, the DN val-
ues can easily separate between granitic rocks and the alter-
ation zones (which show higher DN values) by using digital
number technique (Fig. 2). Also, Landsat ETM+ ratio image
(5/7, 4/5, 3/1 in RGB) distinguishes between different granitic
rocks as the granodiorites (blue color), the granitic rocks (dark
green color) the monogranites (brown color), and the alter-
ation zones (whitish color) (Fig. 1b).
Table 1 Statistical analysis of the raw DN values from the Landsat ETM+ data of the exposed rocks at the study area.
Rock types Parameters Spectral bands
B1 B2 B3 B4 B5 B7
Alteration zones Range 136–148 142–164 204–224 154–172 216–232 178–194
Arithmetic mean 144 156 216 164 224 188
Granites Range 128–142 122–142 172–188 128–144 154–172 132–152
Arithmetic mean 135 138 182 134 164 148
Granodiorites Range 102–118 106–124 124–138 86–108 126–138 114–126
Arithmetic mean 111 109 131 98 132 119
Gabbros Range 104–126 96–122 108–128 78–96 82–116 78–102
Arithmetic mean 114 106 118 84 92 81
Metavolcanics Range 134–138 140–152 152–162 116–134 154–172 138–152
Arithmetic mean 137 138 168 129 166 149
Ultramaﬁc rocks Range 116–130 112–128 144–162 124–138 138–144 122–140
Arithmetic mean 128 128 160 116 142 122
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A portable spectrometer (Type GS-256 Gamma-Ray Spec-
trometer) was used in this study for measuring total gamma
radiations in the ﬁeld. Field measurements were taken along
a grid of 400 m space in the studied granites. The grid was sur-
veyed on proﬁles with lateral investigation on both sides in or-
der to ﬁnd any anomalous radioactive zones. The radioactive
elements were determined qualitatively and quantitatively to
evaluate the uranium potentiality of the studied area.
3.2.1. Statistical treatment of the spectrometric data
The spectrometric data of study area (Table 2) revealed that
the investigated metavolcanic, granodiorite and wadi deposits
showed low intensity of radioactivity and do not exceed 30 Ur.
The monzogranites and muscovite granites have radioactivity
less than 100 Ur, otherwise the felsitic dykes and alteration
zones showed a relatively high radioactivity up to 250 Ur (Ta-
ble 2). The felsite dykes have total count values range from 46
to 235 Ur, potassium concentration ranges from 4.3% to 5%,
uranium content ranges from 19 to 185 ppm and thorium con-
tent ranges from 20 to 51 ppm. The alteration zones have the
total count values range from 46 to 250 Ur, potassium concen-
tration ranges from 1.2% to 3.2%, uranium content rangesTable 2 Statistical analysis for the spectrometric measurements in
Rock N.R. Reading T.C
Alteration Zones 25 Minimum 50
Maximum 250
Quartz vein 6 Minimum 5
Maximum 23
Felsite Dyke 10 Minimum 46
Maximum 235
Muscovite granites 70 Minimum 28
Maximum 82
Monzogranites 255 Minimum 25
Maximum 55
Grandiorites 6 Minimum 8
Maximum 12
Metavolcanic rocks 12 Minimum 3
Maximum 6
N.R.: No. of readings.
T.C. (Ur): Total counts.from 39 to 200 ppm and thorium content ranges from 14 to
180 ppm.
3.2.2. Uranium contour map description
The uranium contour map (Fig. 5a) shows sharp delineations
at the contacts between different rock units. Radioactivity
ranges between 0 and <27 ppm are observed over areas cov-
ered by wadi deposits. The non mineralized granites range in
radioactivity from 10 to <20 ppm eU (blue contour lines),
the less altered granites from 20 to 50 ppm eU (green contour
lines), the highly altered granites from 60 to 120 ppm eU (red
contour lines) and the mineralized zones associated with the
granitic rocks from 130 to >170 ppm eU (violet contour lines).
This map shows also, three main anomalies recognized in the
study area (Sites 1, 2 and 3) and trending ENE–WSW parallel
to the shear zones. The ﬁrst anomaly (Site 1) is located in the
northeastern part of Gabal El Sela, where the highest contour
lines occur in the central part of this anomaly and has values
attaining >170 ppm. The eastern contour lines of this anom-
aly are deviated by the NW–SE faults that separate this anom-
aly from the other two semicircular anomalous zones. The
second anomaly (Site 2) is located in the central part of the Ga-
bal El Sela and has values attaining >120 ppm. The third
anomaly (Site 3) is located in the southern part of the Gabalthe study area.
. (Ur) eU (ppm) eTh (ppm) K (%)
39 14 1.2
200 180 3.2
2 3 0.5
18 7 0.7
19 20.2 4.3
185 51 5
8 18 3.6
60 20 4.2
5 15 3.5
39 15 1.8
2 3 0.7
3 3 1.7
1 1 0.3
2 3 1.5
Figure 5b eU-(eTh/3.5) remobilization parameter contour map.Figure 5a Uranium distribution contour map.
206 T.M. Ramadan et al.Qash Amir, with values attaining >120 ppm. The characteris-
tic features of the radioactive sites are represented in Table 3.
3.2.3. Uranium Mobility contour map description
The eU-(eTh/3.5) remobilization contour map (Fig. 5b) shows
good coincidence with the high eU concentrations (Fig. 5a).
There are relatively high anomalies of more than 100 ppm that
appear as closed and dense contour lines, mainly over the al-
tered granites that are trending in the ENE–WSW direction.Table 3 The main characteristic features of the radioactive sites at
Site no. Location Maximum c-ray spectru
T.C. eU/ppm eTh
1 Northeastern part of Gabal El
Sela
250 200 18
2 Central part of Gabal El Sela 205 181 21
3 Central part of Gabal Qash Amir 220 184 14Other high anomalies of about 50–95 ppm are associated with
the monzogranites. The red and violet lines shown in Fig. 5b
represent the possible sites and directions of uranium accumu-
lation. The process of uranium mobilization toward the shear
zones is very important; as such altered rocks are subjected to
uranium-bearing solutions. The direction of uranium migra-
tion is from the different granitic bodies to the fault planes
and sheared rocks. The shear zones in the study area acted
as good channels for the hydrothermal ascending ﬂuids andthe study area.
m values Mineralization
/ppm K (%)
3.5 Primary radioactive minerals (pitchblende,
uraninite and uranothorianite) and secondary
radioactive minerals (uranophane, autunite and
coﬀenite) with sulﬁdes and iron oxides
They are associated with quartz and jasper veins
as well as basic dykes
0.5 Secondary radioactive minerals (uranophane,
autunite and coﬀenite) with sulﬁdes and iron
oxides
They are associated with quartz veins and acidic
dykes
1.8 Primary radioactive minerals (uraninite and
uranothorianite) and secondary radioactive
minerals (uranophane, autunite and coﬀenite)
They are associated with greisens, ﬂuorite and
wolframite-bearing quartz veins
Application of remote sensing in exploration for uranium 207the percolating meteoric water, that leached uranium mineral-
ization and redeposited it in these shear zones. These charac-
teristic features of the shear zones in the investigated area
are probably responsible for uranium mineralizations.
3.3. Mineralization
Several alteration zones are recorded in the study area from the
interpretation of Landsat ETM+ ratio image, density slices,
supervised classiﬁcations, radiometric survey and extensive ﬁeld
work. Analysis of Landsat TM images with supervised classiﬁ-
cation technique, using the high alteration zones of site 1 as the
training site, helped in identifying the distribution of the previ-
ously unknown alteration zones in the study area (Fig. 2d).
The ratio image (5/7, 3/1, 4/3 in R, G, B) distinguishes be-
tween the mineralized zones (yellow) and non mineralized ones
(Fig. 1b). The density slicing method is used in this study to
produce a clay alteration index map for the investigated alter-
ation zones using a Landsat ETM+ band-ratio of 5/7
(Fig. 1c). The used method is based on the fact that the clay
minerals (e.g. kaolinite, montmorillonite, illite and alunite)
have reﬂectance maxima within band 5 and reﬂectance minima
within band 7. Hence band ratio 5/7 increases the differences
between the digital numbers (DNs) of clay alteration zones
and those of the unaltered rocks (Sabins, 1997). The clay alter-
ation index map reveals 3 sites of alteration zones with high
concentrations of clay (Fig. 1c), which are coinciding with
radioactive anomalies (Fig. 5a). Fig. 1c shows the observed
alteration zones (Sites 1, 2 and 3), trending ENE-WSW and
parallel to major shear zones in the study area. These alter-
ation zones are characterized by kaolinitization, siliciﬁcation
and hematization (Fig. 4d–f).
The alteration zones (Site 1) occur in the northern part of
the study area (Fig. 1b). Some quartz veins as well as red to gray
jasper veins (0.5–3 m thick and 50–400 m in length) and basic
dykes are associated with these alteration zones (Fig. 4a). The
alteration zones are also enriched by sulﬁde and visible second-
ary uranium minerals. The most promising area for uranium
mineralization in the alteration zones (Site 1) is located between
Lat. 22 170 2200–22 180 2200 N and Long. 36 130 3600–36 140 2200
E (Fig. 6a). Field measurements were taken along a grid of
100 m interval over this area. The grid was surveyed on proﬁles
with lateral investigation on both sides in order to detect the
highly anomalous radioactive zones. One box cut trench was
manually excavated in the mineralized zone at Site 1, with a
trench of 10 m in length, 1 m in width and 7 m depth, perpen-
dicular to the ENE–WSW trend (Fig. 6b). These alteration
zones are enriched by sulﬁde, iron oxides and characterized
by the presence of primary uranium minerals (pitchblende, ura-
ninite and uranothorianite) and secondary radioactive minerals
(uranophane, autunite and coffenite) (Fig. 6c and e). They are
associated with quartz and jasper veins as well as basic dykes.
Gamma-ray spectrometric data of this area (Table 4) show that
total count values range from 850 to 9800 Ur, potassium con-
centrations range from 1.5% to 4.2%, uranium content ranges
from 95 to 5000 ppm eU and thorium content ranges from 7.5
to 12.2 ppm eU. This table indicates also, that the total count
values increase remarkably with depth.
Mineralogically, microprobe analyses and calculated struc-
tural formulae for several uraninite crystals from the investi-
gated Site 1 are given in Table 4a. These analyses werecarried out on some diagnostic radioactive minerals and the
structural chemical formulae of their end members were calcu-
lated. The general features of the uranium minerals in the stud-
ied samples are shown in Fig. 6d. The analyses show that the
studied uranium minerals are characterized by: (i) high content
of silica, (ii) displaying cubic crystalization (uraninite), (iii)
crystals included in feldspars, quartz and mica, (iv) crystals
with brownish, grayish and greenish black color and (v) some
of the uraninite crystals that were completely leached out, leav-
ing cubic vugs and pleochroic haloes (Table 4b).
The uraninite minerals in these zones were subjected tomany
substitutions by Si, P, Al, Fe, Ca and Y elements. The atom/for-
mula unit for U (0.4 and 5.1) equals 4% and 52.7% respectively,
represents the remaining uranium content. This means that at
least 35% of the uranium in the analyzed crystals was leached
out. In addition, there is in average 5–8%, completely leached
uraninite crystals, which may reﬂect the potentiality.
The alteration zones in Site 2 occur in the central part of the
study area. They dissect the Gabal El Sela granites (Fig. 1b).
Spectrometric data of this area show total radiation count val-
ues reaching 205 Ur, and uranium content reaching 181 ppm
eU. The alteration zones in Site 3 occur in the southern part of
Gabal Qash Amir (Fig. 1b). These alteration zones are charac-
terized by hematization, siliciﬁcation, greisenization and argilli-
zation. Some greisens and wolframite-bearing quartz veins are
associated with these alteration zones at the southern part of
Gabal Qash Amir (Takla et al., 1976 and Hussein, 1990). It is
worth to mention that the ﬁeld study indicated the presence of
secondary radioactive minerals (uranophane, autunite and coff-
enite) in the fractures and fault systems of this occurrence. This
phenomenon appears as a result of the mobilization of uranium
oxides from the QashAmir granitic mass and their precipitation
in open fractures.Also, somemanganese veins (displaying thick-
nesses of 3–5 cm and lengths from 10 to 20 m) invaded the gra-
nitic rocks ofGabal QashAmir.Gamma-ray spectrometric data
of this site show total count values reaching 220 Ur and uranium
content reaching 184 ppm eU (Table 2).
4. Discussion
1. Several mineral occurrences are recorded in the Halaib
district, in the South Eastern Desert, such as chromite,
magnesite, titanomagnetite, manganese–barite deposits,
black sands as well as wolframite-bearing quartz veins
(Bassiuny, 1957; El Shazly and Saleeb, 1959; Basta and
Saleeb, 1971; Takla et al., 1976; Ramadan, 1999; Ram-
adan, 2003 and Ramadan et al., 1999).
2. Processed Landsat ETM+ ratio image enables the pro-
duction of geological map for the study area. The pro-
duced maps show different rock units and distinguish
between uraniferous alteration zones and non mineral-
ized exposures. The uraniferous alterations are associ-
ated with granitic rocks and occur along three parallel
shear zones trending ENE–WSW. The investigated gra-
nitic rocks are alkaline in nature and related to the late
tectonic phase of magmatism. In this respect, Assaf et al.
(1998) suggested that these late tectonic younger granites
of Gabal Qash Amir and Gabal El Sela were generated
in an extensional tectonic environment (within-plate
regime) and are A-type granites.
Figure 6 (a) Geological map for the promising area in the alteration zones (Site 1), (b) Photograph showing a trench in the mineralized
zone (Site 1), (c) Photograph showing secondary U in the mineralized zone (Site 1), (d) Photomicrograph showing uraninite crystal (Ur) in
the mineralized zone (Zone 1), (e) back scattered electronic image showing uranophane crystal (N) in the mineralized zone (Site 1).
Table 4a Results of microprobe analyses for uraninite from alteration zones (Site 1).
S1 S2 S3 S4 S5 S6 S7
Al2O3 0.02 0.77 0.18 7.7 0.1 0.11 0.04
SiO2 13.33 3.39 14.67 16.95 1.22 14.67 12.99
P2O5 0.45 9.88 0.72 1.55 10.19 0.63 1.4
CaO 3.59 3.02 2.27 3.9 5.53 2.6 5.89
TiO2 <0.03 – 0.02 0.63 0.05 <0.06 <0.04
FeO 0.57 0.08 <0.08 0.45 <0.03 0.04 0.2
Y2O3 <0.08 0.16 <0.09 <0.01 <0.29 0.11 <0.2
ZrO2 <0.05 0.22 0.21 0.47 <0.11 <0.25 <0.08
Nb2O5 0.11 <0.18 <0.03 0.68 0.11 <0.06 <0.05
Ce2O3 0.02 0.03 <0.01 0.03 0.03 <0.01 <0.04
PbO <0.02 <0.1 <0.06 0.07 0.1 0.09 0.07
ThO2 0.11 – <0.04 0.05 0.05 <0.2 0.01
UO2 69.29 69.67 68.03 50.3 70.08 69.08 68.29
La2O3 – <0.01 <0.02 <0.03 <0.03 0.1 <0.08
Total 87.47 87.22 85.88 82.76 87.45 87.44 88.85
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Table 4b The structural formula for the uranium mineral in the alteration zones (Site 1).
S1 S2 S3 S4 S5 S6 S7 Av.
Si4+ 3.55 0.90 3.91 4.52 0.33 3.91 3.46 2.94
Fe2+ 0.06 0.01 <0.01 0.05 – – 0.02 –
P5+ 0.13 2.78 0.20 0.44 2.87 0.18 0.39 1
Ca2+ 0.51 0.43 0.32 0.56 0.79 0.37 0.84 0.55
Y3+ <0.01 0.02 <0.01 – <0.03 0.01 <0.02 –
Zr+ <0.01 0.03 <0.03 0.06 <0.01 03.0 <0.01 –
Nb+ 0.01 – – 0.05 0.01 – – –
Pb+ – – – – – – – –
La3+ – – – – – 0.01 <0.01 –
Ce3+ – – – – – – – –
Al3+ – 0.06 0.01 0.56 0.01 0.01 – 0.09
Th4+ 0.01 – – – – 0.01 – –
U4+ 5.27 5.30 5.17 3.82 5.33 5.25 5.19 5.1
(U5.1 P1 Ca0.55 Si2.94) O16.
Application of remote sensing in exploration for uranium 2093. A clay alteration index map was produced by using the
density slicing method applied to a Landsat ETM+
ratio image 5/7. This map reveals three alteration zones
in the study area: (i) in the northeastern part of Gabal El
Sela (Site 1), (ii) in the central part of Gabal El Sela (Site
2), and (iii) in the southern part of Gabal Qash Amir
(Site 3). The method proved useful for identifying gos-
sans in similar Neoproterozoic rocks of northern Eri-
trea, where gossans are surrounded by broad zones of
clay and iron alteration (Abdelsalam et al., 2000). Anal-
ysis of Landsat TM images with supervised classiﬁcation
techniques helped to identify previously unknown alter-
ation zones in the study area.
4. Correlation between a uranium distribution contour
map and a Landsat ETM+ ratio image shows the pres-
ence of three uranium-bearing alteration zones (Sites 1,
2 and 3). This indicates that the use of remote sensing
techniques is very useful in exploration for uraniferous
alteration zones. These highly accurate techniques are
also noticeably cheaper than other methods.
5. The alteration zones in Site 1 are suitable traps for ura-
nium. The Uranium distribution contour map produced
in this work shows that signiﬁcant uranium anomalies
are found in an area lying on contour lines >190 ppm
eU. This area displays an oval shape and is generally
elongated in an ENE–WSW direction.
6. Structurally, the study area is characterized by ENE–
WSW steeply dipping shear zones (5–100 m in width
and about 9 km in length) as well as N–S and NNW–
SSE faults related to the rejuvenation of the Allaqi–Sol
Hamid Shear System (Ramadan et al., 2001).
7. The present work reveals the presence of some new radio-
active sites in the study area. These occurrences are
located along ENE–WSW trending fault zones within
the granitic rocks. In this respect, Ramadan and Sultan
(2004) recorded several radioactive sites which are located
along N–S and NNE–SSW trending fault zones (Najd
Shear System), within the granitic rocks in the central part
of the Eastern Desert. These radioactive anomalies are
associated with alkali granites and pegmatitic veins.
8. The present study suggests that the hydrothermal alter-
ation zones were formed during compressional or trans-
pressional tectonic phases. The uranium mineralizationin the investigated area was formed in local extensional
sites, centered on well-deﬁned fractures in the granitic
rocks.
9. The process of uranium mobilization toward the shear
zones is very important, as such altered rocks are sub-
jected to mineralization-bearing solutions. The direction
of uranium migration is probably from the different gra-
nitic bodies to the fault zones and sheared rocks.
10. The shear zones in the study area acted as good channels
for the hydrothermal ascending ﬂuids and the percolat-
ing meteoric water, that leached uranium mineralization
and redeposited it in these shear zones. These character-
istic features of the shear zones in the investigated area
are probably responsible for the distribution of uranium
mineralizations.
5. Conclusion
Landsat ETM+ false color composite image (bands 7, 4, 2)
was used for regional structural analysis and provided an
excellent base map for the investigated area. This area is char-
acterized by ENE–WSW steeply dipping shear zones (5–100 m
in width and about 9 km in length) as well as N–S and NNW–
SSE faults related to Hamizana shear system. Landsat ETM+
ratio image (5/7, 5/1, 4/3) distinguished between different rock
units and discriminated between the mineralized and non-min-
eralized granites in the study area. The clay alteration index
map revealed 3 sites of alteration zones with high concentra-
tions of clay which are coinciding with the radioactive
anomalies.
Three alteration haloes, trending ENE–WSW and parallel
to the major shear zones were recognized in the study area.
These alteration zones are characterized by hematization, silic-
iﬁcation and kaolinitization. The gamma-ray spectrometric
data of study area indicated that the investigated granites are
related to one late magmatic phase and enriched with uranium,
thorium and potassium. The uranium contour map reveals the
presence of three radioactive anomalies (Sites 1, 2 and 3),
along the shear zones and coincides with the alteration haloes
in the present area. Site 1 is the most promising one and occurs
in the northern part of the study area. It is enriched by sulﬁde
and visible secondary uranium minerals. This zone needs more
210 T.M. Ramadan et al.detailed geological and geochemical studies to evaluate the
radioactive mineralization in this zone. This proves that re-
mote sensing techniques are useful in exploration for radioac-
tive materials as cheap, time saving and very accurate methods
compared with the other tools.Acknowledgments
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